ABSTRACT: We investigated vestibular function and otolith size (OS) in larvae of white seabass Atractoscion nobilis exposed to high partial pressure of CO 2 (pCO 2 ) The context for our study is the increasing concentration of CO 2 in seawater that is causing ocean acidification (OA). The utricular otoliths are aragonitic structures in the inner ear of fish that act to detect orientation and acceleration. Stimulation of the utricular otoliths during head movement results in a behavioral response called the vestibulo-ocular reflex (VOR). The VOR is a compensatory eye rotation that serves to maintain a stable image during movement. VOR is characterized by gain (ratio of eye amplitude to head amplitude) and phase shift (temporal synchrony). We hypothesized that elevated pCO 2 would increase OS and affect the VOR. We found that the sagittae and lapilli of young larvae reared at 2500 µatm pCO 2 (treatment) were 14 to 20% and 37 to 39% larger in area, respectively, than those of larvae reared at 400 µatm pCO 2 (control). The mean gain of treatment larvae (0.39 ± 0.05, n = 28) was not statistically different from that of control larvae (0.30 ± 0.03, n = 20), although there was a tendency for treatment larvae to have a larger gain. Phase shift was unchanged. Our lack of detection of a significant effect of elevated pCO 2 on the VOR may be a result of the low turbulence conditions of the experiments, large natural variation in otolith size, calibration of the VOR or mechanism of acid−base regulation of white seabass larvae.
INTRODUCTION
Humans are disrupting the equilibrium of the ocean carbon cycle at a greater magnitude and rate than nature has achieved over the past 300 million years of Earth history (Hönisch et al. 2012) . Ocean acidification (OA) is the increase in surface seawater partial pressure of CO 2 (pCO 2 ) and decrease in pH and calcium carbonate saturation state (Ω) caused by the imbalance in the rates of addition to the ocean of carbon by the burning of fossil fuels and alkalinity by weathering (Doney et al. 2009 , Hönisch et al. 2012 . Humans have released 555 Pg of carbon into the atmosphere through fossil fuel burning since the Industrial Revolution, increasing atmospheric pCO 2 from 278 to > 400 ppm today and decreasing pH by 0.10 units (Doney et al. 2009 , IPCC 2013 . Atmospheric pCO 2 is projected to ex ceed 1000 ppm by the end of the century and 1900 ppm by the year 2250 under the Intergovernmental Panel on Climate Change (IPCC) business-as-usual (Representative Concentration Pathway 8.5) scenario, further decreasing pH by 0.30 to 0.77 units (Caldeira & Wickett 2003 , IPCC 2013 .
The effects of OA on marine fish are diverse (see review by Heuer & Grosell 2014) , variable and most severe during the early life-history stages (Rombough 1988 , Tseng et al. 2013 . The dynamics of these stages are critical in determining future population size and recruitment success (Houde 1997) . Experiments show that elevated pCO 2 can influence growth (Munday et al. 2009a , Baumann et al. 2012 , condition (Franke & Clemmesen 2011 ) and mortality (Baumann et al. 2012 , Chambers et al. 2014 ) of fish eggs and larvae. Altered auditory (Simpson et al. 2011) , olfactory (Munday et al. 2009b , Devine et al. 2012 ) and visual (Forsgren et al. 2013 , Chung et al. 2014 ) sensory abilities that have resulted in behavioral changes are thought to be the result of modifications to the γ-aminobutyric acid (GABA A ) neurotransmitter receptor in the brain (Nilsson et al. 2012 , Hamilton et al. 2014 . Another widespread effect of elevated pCO 2 is the increase in otolith size (OS) (Checkley et al. 2009 , Bignami et al. 2013a , Réveillac et al. 2015 .
Otoliths are aragonitic structures underlain by sensory hair cells located in the inner ear of fish, and play a vital role in the auditory and vestibular systems (Platt 1983 , Popper et al. 2005 . The vestibular system provides vertebrates with information about orientation and acceleration (Goldberg et al. 2012) . Fish have 3 pairs of otoliths: the sagittae, lapilli and asterisci. The saccular otoliths (sagittae) are generally thought to be involved in hearing and the utricular otoliths (lapilli) in vestibular function (Platt 1983 , Riley & Moorman 2000 , Straka & Dieringer 2004 . Otoliths are approximately 3 times denser than the fish body, causing them to lag the movement of the underlying sensory epithelium during acceleration. Movement of the otolith relative to the hair cells causes the latter to bend and send mechanically induced signals related to orientation and acceleration to the brainstem (Popper et al. 2005) .
Fish have evolved with otoliths optimized for their motor activity and environment. Mathematical models of otolith displacement by Lychakov & Rebane (2000) suggest that there are ecomorphological adaptations to otolith morphology that are a result of the ecology and behavior of fish. For example, the otoliths of pelagic fish are relatively small and the fish only moderately sensitive to acceleration, because they experience a limited and relatively uniform range of acceleration while swimming in an unobstructed environment. Conversely, darting demersal fish that accelerate rapidly have larger otoliths and the fish are more sensitive to acceleration. In general, models predict that larger otoliths move more and with a longer lag than smaller otoliths in response to stimuli.
Given the ecological constraints on otolith morphology for optimal functioning, deviations from the ideal morphology can negatively affect fish. For example, fish with naturally asymmetric otoliths experience impaired auditory (Gagliano et al. 2008) and vestibular (Helling et al. 2003) functioning. Furthermore, experimentally enlarged utricular otoliths of zebrafish Danio rerio acquired the sense of sound (Inoue et al. 2013 ). In the context of OA, larval cobia Rachycentron canadum reared at 2100 µatm pCO 2 and possessing larger sagittae are predicted to experience a 50% increase in hearing range compared to control larvae (Bignami et al. 2013a) . Therefore, it might be expected that changes to the lapilli would result in altered vestibular functioning.
The vestibulo-ocular reflex (VOR) is a compensatory eye rotation used to maintain visual acuity during self-motion (Goldberg et al. 2012) . The precision of VOR performance is commonly measured by 2 variables: gain, the ratio of eye amplitude to head amplitude, and phase shift, the temporal synchrony between head and eye movements (Goldberg et al. 2012 ). The VOR is stimulated by the movements of the otoliths and endolymph in the semi-circular canals. It comprises a '3-neuron arc', in which primary afferent neurons convey signals from sensory hair cells to secondary vestibular neurons in the vestibular nuclei in the brainstem, which in turn project to ocular motoneurons that innervate the extraocular muscles of the eyes (Szentagothai 1950 , Goldberg et al. 2012 ). The result is a counter-rotation of the eyes of equal amplitude and opposite velocity to head movement, in order to stabilize images on the retina in relation to the Earth's geoid.
The VOR is plastic, meaning that it can maintain a modified state for long periods of time without reinforcement (Miles & Lisberger 1981) . For example, when head movement results in image motion, the visual system sends error messages in the form of retinal slip signals (Miles & Lisberger 1981) . Together with the vestibular signals, these signals are processed in the cerebellum to adjust the activity of the vestibular nuclei neurons in order to modify the gain (Miles & Lisberger 1981) . In this way, the VOR operates as an open-loop system and requires calibration by the visual system (Miles & Lisberger 1981) . It is not until 3 d post-fertilization (dpf) that zebrafish begin to demonstrate a VOR in response to rotation around an Earth-horizontal axis at a range of frequencies (Riley & Moorman 2000 , Mo et al. 2010 , Bianco et al. 2012 . The gain of the VOR is low (< 0.5) for newly hatched animals and increases through ontogeny, eventually approaching a value of 1 (full compensation) for adult goldfish (Wallman et al. 1982 , Pastor et al. 1992 . The VOR of fish may be more plastic than most other vertebrates (Pastor et al. 1992) as, unlike other vertebrates, fish possess otoliths that grow continuously throughout their lifetime (Pannella 1971) . This fact requires that the VOR be constantly recalibrated during otolith growth.
Young fish larvae provide the opportunity to study the utricular otoliths as independent transducers of vestibular information because the semi-circular canals are not functional due to their small size (Beck et al. 2004 , Lambert et al. 2008 . Therefore, the VOR is solely activated by the utricular otoliths. Furthermore, the contribution of the vestibular system to the VOR can be studied in isolation from that of the visual system by performing experiments in the dark (Beck et al. 2004) .
The VOR may be a particularly important behavioral response for first-feeding fish larvae. Many species of temperate fish, including white seabass Atractoscion nobilis, spawn pelagic eggs that hatch within a few days and produce yolk-bearing larvae (Moser et al. 1983 ). Soon after yolk absorption, larvae must find abundant and suitable planktonic prey, or starve (Hjort 1926) . Ingestion of prey is the end result of encounter, pursuit, attack and capture processes (MacKenzie & Kiørboe 1995) . The dynamics of these processes are influenced by small-scale turbulence due to the small size of the larvae and their prey (MacKenzie & Kiørboe 1995) . Therefore, the VOR may play an important role in the ability of larvae to assume and maintain an attack position, and successfully capture prey in a turbulent environment.
We hypothesized that elevated pCO 2 would increase the size of the utricular otoliths. A schematic of our experiment and hypotheses is shown in Fig. 1 . Assuming that larger otoliths experience a larger displacement and lag than smaller otoliths (Lychakov & Rebane 2000 , Bignami et al. 2013a , we hypothesized that the gain and phase shift of the VOR are increased under elevated pCO 2 . We tested these hypotheses by rearing larval white seabass under elevated pCO 2 (2500 µatm) and measuring the area of the utricular otoliths, and the gain and phase shift of the VOR. This causes the hair cells to bend posteriorly (1 and black arrow). Signals from the hair cells are transmitted to the vestibular nuclei in the brainstem (2). These signals are relayed to the extraocular muscles of the eye, resulting in a counter-rotation (3 and black arrow). (b) Angles of the body/head and eye. See 'Introduction' for definitions of gain and phase shift. We hypothesize that larvae reared at 2500 µatm pCO 2 (treatment) would have increased gain and phase shift compared to larvae reared at 400 µatm pCO 2 (control) selected for experiments. Eggs hatch at ~2 dpf and larvae deplete their yolk sac and begin to feed at ~4 to 5 dpf (Moser et al. 1983 ).
MATERIALS AND METHODS

Data collection
Experimental system
The experimental system from Checkley et al. (2009) was used and includes 2 (1 control, 1 treatment) or 4 (2 control, 2 treatment) water-jacketed, 5 l glass vessels with jacket water maintained at 18.0°C. Vessels were bubbled with gas certified to contain a known mixture of air and CO 2 at a rate of 60 ml min −1 and equilibrated 1 to 2 d before experiments commenced. In each experiment, 200 eggs were introduced into fully equilibrated control (400 µatm pCO 2 ) or treatment (2500 µatm pCO 2 ) vessels at ~12 h post-fertilization. At the termination of each experiment, seawater samples from each vessel were collected in 250 ml polyethylene terephthalate bottles and fixed with 100 µl of saturated mercuric chloride for the analysis of total alkalinity (A T ) and dissolved inorganic carbon (DIC) by open-cell potentiometric titration and coulometry, respectively. Conductivity-based salinity was also measured. The software CO2Calc (http:// cdiac. ornl. gov/ ftp/ co2sys) was used to estimate pH and pCO 2 from measured A T and DIC.
OS experiments
Two OS experiments, OS 1 and OS 2, were performed to investigate the effects of elevated pCO 2 on the size of the saccular and utricular otoliths of larvae at 7 dpf. In each experiment, there was 1 control (400 µatm pCO 2 ) and 1 treatment (2500 µatm pCO 2 ) vessel.
At 7 dpf, larvae were preserved in 95% ethanol for otolith removal. Sagittae and lapilli were removed with minuten needles under cross-polarized light with the aid of a dissecting microscope. Otoliths were mounted using double-sided black carbon tape onto scanning electron microscopy (SEM) stubs, sputtercoated with iridium for 8 s and imaged at high magnification (×1500 to 3000) and high resolution (2 nm) using SEM (Phillips XL30 ESEM). Otoliths in SEM images, calibrated to magnification, were traced using ImageJ (National Institutes of Health), and area and circularity (4π × area/perimeter 2 ) estimated. Otolith identity was masked during measurements. Estimates of otolith mass were obtained assuming that otolith density is constant and that volume is proportional to area 1.5 (Checkley et al. 2009 ).
VOR experiments
Three VOR experiments, VOR 1, VOR 2 and VOR 3, were performed to test for effects of elevated pCO 2 on the VOR of larvae at 4 dpf. VOR 1 had 1 control (400 µatm pCO 2 ) and 1 treatment (2500 µatm pCO 2 ) vessel, while VOR 2 and VOR 3 each had 2 control and 2 treatment vessels. However, high mortality or the inability to analyze some of the VOR videos, due to larva movement or poor lighting, led to data from larvae in only 1 of the treatment vessels for VOR 2 and only 1 of the control vessels for VOR 3 (see Table S1 in the Supplement at www. int-res. com/ articles/ suppl/ m553 p173 _ supp/).
At 4 dpf, a fish larva was removed by pipette from a vessel and partially immobilized in a Pasteur pipette by embedding the posterior end (pectoral fins to caudal fin) in 2% low-gelling-temperature agarose, while the anterior end (head to pectoral fins) was surrounded by seawater. This process allowed unrestricted eye movement while restricting body movement during video recording. Several drops of food coloring were added to the agarose to aid in visual confirmation that no agarose hardened around the eye. Embedding was done with the aid of a dissecting microscope.
The pipette containing the embedded larva was then mounted on a micromanipulator attached to an automatic test tube rocker (Barnstead M48725) that was repurposed as a tilting platform. Using the micromanipulator, the pipette was positioned so that the head of the larva was aligned near the axis of rotation, and the anterior-posterior axis of the larva was perpendicular to the axis of rotation. Positioning of the larva slightly above the center of rotation of the platform resulted in a small amount of translation in addition to rotation of the larva.
Larvae were pitch-tilted (i.e. nose up and down) 24.4 ± 0.8° (mean ± SD) at 0.28 Hz, consistent with prior studies of goldfish (Pastor et al. 1992 ) and zebrafish (Mo et al. 2010 , Bianco et al. 2012 . A gyroscope (Sparkfun LPY503AL) was attached to the platform along its axis of rotation to measure angular velocity, which was recorded by an Arduino Duo microcontroller.
A USB 2.0 monochrome digital video camera (Point Grey CMLN-13S2M-CS) mounted to a Mitutoyo 5× long working distance lens (Edmund Optics 46-143) was used to record movement of the left eye of the larva at 15 frames s -1 for a total of 500 frames, or 33 s. Larvae were trans-illuminated with four 980 nm infrared LEDs. Since larvae are mostly transparent, this illumination increased the contrast be -tween the eye and body for optimal image processing. All experiments were conducted in a dark box.
Data analysis
Platform
The platform was sinusoidally rotated 24° in each direction with constant peak velocity of 5° s −1 at a frequency of 0.28 Hz. The gyroscope measured angular velocity (° s −1
) of the platform every 0.2 s. Relative angular position was calculated by cumulatively summing angular velocity. Relative angular position was multiplied by a conversion factor, calculated as the ratio of the maximum angle of the platform (± 24°) to the maximum angular position value, to obtain the angular position of the platform.
Fish eye
Variation in the quality of the video recordings necessitated an approach to eye angle quantification different from that previously used (Beck et al. 2004 , Mo et al. 2010 . Video analysis was performed using custom software written in MATLAB (Mathworks).
Briefly, images were converted from grayscale to binary using a threshold value that demarcated the eye from the remaining fish body as well as possible. A section of the eye with a clear edge was selected as the region of interest, and the angle of rotation of this section was calculated using Radon transform (Deans 1993) . This angle represents the angle of the entire eye. For more information and an illustration of the image analysis process using a sample video frame see Fig. S1 and the corresponding full video (Video S1, both in the Supplement at www. int-res. com/ articles/ suppl/ m553 p173 _ supp/) for more information.
Gain and phase shift
The VOR was measured by calculating the gain and phase shift of the eye of the fish larvae during movement of the platform. An example of the platform and eye data for a larva is shown in Fig. 2 . The eye and platform data were fitted with a sinusoidal function in a least-squares framework. Nonlinear optimization was performed using the function 'fminsearch' in MATLAB, which outputs the values of amplitude, period and phase that parameterized the best-fit sinusoidal model. Depending on the initial direction of the platform, 180° were added to the phase, so that a phase shift of 0° was equal to the fish eye and platform moving 180° out of phase. This was necessary, given the coordinates we defined for the movement of the platform and fish. By convention, phase shifts are expressed relative to 180°. Gain was calculated as the ratio of the absolute value of the amplitude of the eye sinusoid to that of the platform sinusoid. Phase shift was calculated as the difference between the phase of the eye sinusoid and the phase of the platform sinusoid, constrained between −90 and 270° by additions or subtractions of 360°. Positive values of phase shift are termed phase lags and negative values are termed phase leads.
Statistics
OS and VOR experiments were analyzed using 2-way analysis of variance (ANOVA) with either otolith area, otolith circularity, gain or phase shift as the response variable, and pCO 2 and experiment as the 2 factors. We acknowledge that observations within each control or treatment group of each experiment are not independent because larvae in each group were from either 1 or 2 experimental containers. Thus, our result that the ANOVA did not show significant effects of either pCO 2 or experiment on either gain or phase shift is conservative.
Gain data of VOR experiments and otolith circularity data of OS experiments were log-transformed to satisfy the assumption of normality required for ANOVA. Normality and homoscedasticity of data were tested using Shapiro-Wilks and Bartlett's tests. Results were considered significant at p < 0.05. 177 Fig. 2 . Example of the platform and eye data for a fish larva reared at 2500 µatm pCO 2 . Solid and dashed sinusoids represent the movement of the platform and thus fish body/ head, and eye of the fish larva, respectively. These data are from the fish larva in Video S1 in the Supplement at www.int-res.com/articles/suppl/m553p173_supp/ Empirical cumulative distribution functions (CDFs) of the gain of control and treatment larvae were calculated, and differences in the CDFs were tested using a Kolmogorov-Smirnov (K-S) test. Statistical analyses were performed in MATLAB (Mathworks). Summary statistics are reported as mean ± SE.
RESULTS
Seawater carbonate chemistry
In general, control and treatment vessels in OS and VOR experiments accurately represented target pCO 2 . Mean A T , DIC and salinity were consistent among control and treatment vessels within and between OS and VOR experiments (Table 1) .
OS experiments
pCO 2 significantly affected the size of saccular and utricular otoliths at 7 dpf (Fig. 3, Table 2 ). Sagittae and lapilli were 14 to 20% and 37 to 39% larger in area for treatment larvae than control larvae, respectively (Table 2) . Two-way ANOVAs showed an effect of experiment on saccular and utricular OS (ANOVA, p < 0.001; Table 3 ). There was a weak, but significant, interaction between pCO 2 and experiment (ANOVA, p = 0.02; Table 3 ) for sagittae. Residuals of the area of saccular otoliths were non-normal (Shapiro-Wilks, p < 0.001) due to 1 small value, but variance was homoscedastic (Bartlett's, p > 0.05). Residuals of the area of utricular otoliths were normal (Shapiro-Wilks, p > 0.05) and variance was homo scedastic (Bartlett's, p > 0.05). Circularity of saccular and utricular otoliths was unaffected by pCO 2 (ANOVA, p > 0.05), so that otolith area was increased for treatment larvae compared to control larvae, while shape was unchanged.
VOR experiments
Turbulence
We calculated the turbulent dissipation rate equivalent to that of the environment of the larvae as they were pitch-tilted during experiments to relate our experimental conditions to the turbulent conditions that pelagic larvae experience in the upper surface ocean. Using the Kolmogorov time scale
, where τ is approximately half of the period of the platform (2 s), and ν is the kinematic viscosity of seawater (10 −6 m 2 s −1
), we calculated a turbulent dissipation rate, ε, of 2.5 × 10 −7 m 2 s −3
.
Gain and phase shift
Gain of larvae reared at 2500 µatm pCO 2 was consistently larger, but not significantly so, than larvae reared at 400 µatm pCO 2 (Table 4) . Gain and phase shift data for individual fish in each VOR experiment are available (see Table S1 in the Supplement). A comparison of the CDFs for control and treatment larvae revealed that 90% of control larvae had a gain < 0.6, whereas this value was 0.9 for treatment larvae. A single treatment larva overcompensated for head movement with a gain >1. Despite the tendency for treatment larvae to exhibit a larger gain compared to control larvae, a 2-way ANOVA yielded non-significant results for pCO 2 (ANOVA, p > 0.05; Table 5 ) and a K-S test found non-significant differences in the CDFs (K-S, p > 0.1). There was no effect of experiment (ANOVA, p > 0.05) or the interaction of experiment and pCO 2 (ANOVA, p > 0.05; In general, phase shifts were smaller for treatment larvae compared to control larvae. Both control and treatment larvae experienced phase leads and lags, although the mean across experiments was a small phase lead (Table 4) . There was no effect of pCO 2 , experiment, or the interaction of experiment and pCO 2 (ANOVA, p > 0.05) on phase shift (Table 5) . Residuals of phase shift were non-normal (ShapiroWilks, p = 0.04) and variance was homoscedastic (Bartlett's, p > 0.05).
DISCUSSION
We reared white seabass larvae at present (400 µatm) and future (2500 µatm) pCO 2 to investigate the effects of elevated pCO 2 on otolith morphology and functionality. We found a significant effect Table 2 . Results of otolith size (OS) experiments on 7 d postfertilization (dpf) larvae. Values are target pCO 2 , number of otoliths measured (N), mean otolith area ± SE and the ratio of otolith areas of treatment (2500 µatm) to control (400 µatm) larvae. *p < 0.05 of pCO 2 on otolith area and non-significant effect on VOR. Our study provides new insight into the functional consequences of larger otoliths in the larvae of several species of fish reared at high pCO 2 . The sagittae and lapilli of 7 dpf larvae reared at elevated pCO 2 were 14 to 20% and 37 to 39% larger in area, respectively, and estimated to be 21 to 30% and 55 to 59% greater in mass than those of control larvae. We did not measure the dry mass of larvae, but assumed it to be similar for control and treatment larvae, based on the results of Checkley et al. (2009) , which showed that the dry mass of white seabass larvae at 7 to 8 dpf and reared at 380 µatm pCO 2 was not statistically significantly different from that of those reared at 2500 µatm CO 2 . Our results are consistent with the increase in saccular otolith area of 7 to 17% and estimated mass of 10 to 26% reported by Checkley et al. (2009) . Similarly, the otoliths of cobia (Bignami et al. 2013a,b) , Atlantic cod (Maneja et al. 2013a) , clownfish ) and seabream (Réveillac et al. 2015 ) are 10 to 46% larger when larvae are raised under acidified conditions (700 to 4653 µatm).
We characterized the VOR of white seabass, a previously untested species, at the time of first feeding (4 dpf). Larval fish−prey dynamics are influenced by turbulence due to the small size of both larvae and planktonic prey (MacKenzie & Kiørboe 1995) . The integrity of the VOR may be most important during the 'critical period' when first-feeding larvae must locate and capture prey. The mean gain (0.30) and phase shift (−4.8°) we observed for 4 dpf white seabass are comparable to those of 4 dpf zebrafish (gain, 0.33; phase shift, approximately −5°) as re ported by Bianco et al. (2012) . A higher mean gain of 0.49 was reported by Mo et al. (2010) , also for zebrafish larvae. Given the small size of white seabass larvae at 4 dpf (3.7 mm standard length), it is likely that the VOR at this stage is driven solely by the sensory input of the utricular otoliths (Beck et al. 2004 , Lambert et al. 2008 .
pCO 2 did not significantly affect the VOR of larvae. We offer 4 possible explanations for the non-significant treatment effect. First, the VOR of larvae was tested under conditions that reflect a relatively calm surface ocean. We estimated the turbulent dissipation rate equivalent to that of the environment of the larvae in our experiments to be 2.5 × 10 −7 m 2 s −3
. Turbulence dissipation rates in the surface water of the ocean where pelagic larvae reside span several orders of magnitude, from 10 −8 to 10 −2 m 2 s −3 (Mackenzie & Leggett 1993 , Horne et al. 1996 . Therefore, our stimulus may not have produced the accelera- tions to which larvae are adapted and which cause significant otolith displacement. Subjecting larvae to more turbulent conditions with greater accelerations will increase otolith stimulation. The difference between otolith displacement for control and treatment larvae with different sized otoliths, and thus resulting VOR, may be greater at higher stimulus velocities. Therefore, the VOR of white seabass larvae, and the larvae of other species, should be tested under a range of turbulence conditions that fish larvae may experience in nature in future experiments. Second, the larger-sized otoliths of treatment larvae may be within the natural range of variation of otoliths that allows for normal functioning of the VOR. OS is known to vary with species (Paxton 2000) and in response to environmental conditions (Marshall & Parker 1982 , Mosegaard et al. 1988 ). The natural variation in OS could also explain the lack of pCO 2 effect on the swimming kinetics and performance of larval cobia (Bignami et al. 2013b ) and Atlantic cod (Maneja et al. 2013b ) with enlarged otoliths, and of Atlantic herring with smaller otoliths , Maneja et al. 2015 . Because the VOR is calibrated to OS and displacement, as occurs during development, it is perhaps not surprising that the gain and phase shift of the VOR were unchanged for larvae with enlarged otoliths.
Third, it is possible that the pCO 2 has not affected OS by 4 dpf. Owing to the small size of the otoliths (< 50 µm) at 4 dpf, removal and manipulation onto an SEM stub was not possible. For this reason, we were unable to measure OS at the same age as we performed VOR experiments. It is also possible that larvae compensated for the negative effects of pCO 2 , thereby maintaining a normal VOR at an energetic cost. A reduction in the size of the yolk sac or oil globule of fish larvae when reared at elevated pCO 2 , as experienced by yellowtail kingfish Seriola lalandi, orange clownfish Amphiprion percula and summer flounder Paralichthys dentatus, is one example of an increased energetic cost (Munday et al. 2016) .
Lastly, it was suggested by Munday et al. (2016) that the slow growth and delayed development of gills and branchial acid−base regulation of temperate, pelagic spawned fish may predispose them to morphological and energetic effects of high pCO 2 earlier during the larval stages than for tropical species. Behavioral effects may not manifest until the later larval stages, after the development of gills and acid−base regulation. The many negative effects of elevated pCO 2 on the sensory systems and behavior of tropical reef fish larvae has been attributed to the disruption of the GABA and GABA A neurotransmitter and receptors (Nilsson et al. 2012 , Hamilton et al. 2014 , Heuer & Grosell 2014 . The resiliency of the VOR to elevated pCO 2 despite the role of GABA as the primary inhibitory neurotransmitter (Spencer & Baker 1992) suggests that white seabass larvae, and perhaps the larvae of other fish, may utilize Na Subtle changes in the VOR were discernible in our experiments. There was a marginally significant tendency (ANOVA, p = 0.09) for treatment larvae to have increased gain compared to control larvae. Further studies should explore the influence of stimulus intensity, representative of turbulence conditions, on the VOR and test other vestibular-related behaviors (e.g. counter-rolling) in the larvae of different fish species. Future studies may show effects of elevated pCO 2 on the vestibular function of fish larvae. 
